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Increased sodium transport by cortical collecting tubules from remnant
kidneys. To determine whether intrinsic changes in cortical collecting
tubule (CCT) transport contribute to the maintenance of sodium and
acid-base balance after loss of renal mass, we studied transport func-
tions in isolated perfused CCT from rabbit remnant kidneys. The
rabbits were sacrificed three weeks after surgical reduction of renal
mass (by 3/4 to 7/8) at which time they were mildly azotemic but had no
systemic electrolyte or acid-base disturbances. When perfused by
standard methods in vitro, CCT from remnant kidneys exhibited
sodium transport rates (lumen-to-bath 22Na-flux) approximately twice
as high as those in CCT from control animals (Ill 19 vs. 54 7 pmol/
mm mm, P < 0.02). A similar difference was present in the oubain-
sensitive sodium fluxes (81 16 vs. 39 8 pmol/min mm, P < 0.05). In
contrast, there were no significant differences in net bicarbonate
transport. Significant hypertrophy of the remnant kidney CCT was
reflected by 30 to 45% increases in tubule diameters. To examine the
possible role of differences in food intake, we studied a separate group
of weight-matched, pair-fed sham-operated and remnant kidney rabbits.
Similar differences in total and ouabain-sensitive 22Na-flux, and in
tubule size persisted in the pair-fed animals. A dissociation between
active sodium transport and tubule hypertrophy was documented in the
outer medullary collecting tubule; despite the lack of active sodium
transport, hypertrophy was present. Our studies show that loss of renal
mass results in a selective augmentation of certain transport processes
in the CCT, implying selective or specific signals and mechanisms.
After loss of renal mass, there are functional adaptations of
the remaining nephrons that serve to preserve water, electro-
lyte, and acid-base balance. Several studies have addressed the
adaptations in transport that occur in the proximal tubule [1].
That the adaptation is not solely dependent on minute-to-
minute control by the systemic environment is evidenced by the
fact that its presence can be demonstrated in isolated tubules in
vitro [2—5]. Much less is known about the adaptation in the
distal tubule. Two previous reports have studied transport in
the isolated cortical collecting tubule (CCT) after reduction of
renal mass; one found an increased rate of potassium secretion
[6], the other a decreased responsiveness to antidiuretic hor-
mone [7]. Sodium handling by the CCT is critical to the
maintenance of body sodium homeostasis under normal circum-
stances; characterization of sodium transport in CCT from
Received for publication October 3, 1988
and in revised form February 14, 1989
Accepted for publication February 22, 1989
© 1989 by the International Society of Nephrology
89
remnant kidneys has not, however, been previously reported.
The CCT also transports significant amounts of bicarbonate.
Although the exact contribution of CCT to whole body acid-
base balance is unclear, bicarbonate transport in this segment
can be modified by dietary acid-base manipulations [8—10],
suggesting a physiologically important role. The present study
was designed to examine whether intrinsic alterations in sodium
or net bicarbonate transport occur in CCT as a result of reduced
nephron number.
Methods
Preparation of animals
Female New Zealand white rabbits were used for all experi-
ments. For the first phase of the study (non-pair-fed animals),
normal rabbits and rabbits of similar size (1.4 to 2.0 kg) with
only a remnant kidney were compared. For the surgical renal
ablation, the rabbits were anesthetized with intravenous sodium
pentobarbital, 35 mg/kg. One kidney was removed through a
flank incision after ligation of the renal pedicle, and the wound
was closed. A flank incision was then made over the opposite
kidney, the renal pedicle was freed from surrounding tissue,
and two to three of the four major branches of the renal artery
were ligated with a silk suture. The kidney surface was in-
spected visually to ensure that one half to three quarters of the
surface was infarcted, detected by color change, and the wound
was closed. These rabbits were studied either one or three
weeks after the surgery (Results). They were fed rabbit chow
and tap water ad libitum.
The second phase of the study consisted of pair-fed sham-
operated rabbits, and rabbits with a remnant kidney. Six pairs
of rabbits were matched for weight at the time of surgery; the
mean weight of the sham-operated rabbits was 1470 100 g and
that of the remnant kidney rabbits 1462 84 g. For the sham
operation, the rabbits were subjected to bilateral flank incision
and manipulation of each renal pedicle simulating the renal
ablation but leaving the kidneys intact. The sham-operated
rabbit of each pair underwent the operation a day later than its
remnant-kidney pair, and was then pair-fed to match the daily
chow intake of the rabbit with a remnant kidney. Water intake
was not restricted. Each rabbit was sacrificed for study three
weeks after the surgery.
In addition to the above groups, medullary collecting tubules
(MCT), obtained from a separate group of normal rabbits and
rabbits with a remnant kidney (of 3 weeks' duration), were
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perfused in vitro for sodium flux determinations and tubule size
measurements for comparison. These rabbits were on unre-
stricted food intake.
In vitro microperfusion
Isolated collecting tubule segments were microperfused using
standard methods [11]. Briefly, kidneys were harvested imme-
diately after sacrifice and a 1 to 2 mm thick coronal slice was
placed in a chilled dissecting solution (identical to the bath
solution). A segment of CCT or MCT (from the inner stripe of
outer medulla) was dissected free under a microscope, trans-
ferred to a thermistor-controlled chamber and perfused be-
tween glass pipettes at 37°C. Transepithelial voltage was mea-
sured between calomel electrodes using agarose bridges
contacting the perfusion and bathing solutions. A 60 to 90
minute equilibration period was allowed before the first collec-
tion was obtained. When ouabain was added to the bath,
another 30 minute equilibration period was allowed before the
next collection. The mean of at least three collections was used
to calculate the solute flux in each experiment.
The composition of the bathing solution was (in mM): 25
NaHCO3, 5 KCI, 1 MgSO4, 1.2 CaCI2, 5 alanine, 10 Na-acetate,
8.3 glucose, 2 sodium phosphate, 5 vol % fetal calf serum and
sufficient NaC1 to adjust the final osmolality to 300 mOsm/kg.
The perfusate did not contain fetal calf serum but was otherwise
identical to the bath in all experiments except those measuring
sodium transport in the first study phase (non-pair-fed animals);
the NaHCO3 was omitted from the latter and replaced with
NaCI. The solutions were gassed with 95% 02/5% CO2 to yield
a final pH of approximately 7.4 (6.1 for the nominally bicarbon-
ate-free perfusate). Extensively dialyzed methoxy-3H-inulin
(New England Nuclear, Boston, Massachusetts, USA) was
added to all perfusates; a few experiments with a significant
calculated fluid flux (>0.1 nI/mm mm) or inulin leakage into the
bathing solution were excluded. For experiments measuring
sodium transport, a tracer amount of 22Na was added to the
perfusate. When used, ouabain was added to the bath in a
concentration of 0.1 mrvi. Unidirectional lumen-to-bath 22Na
flux (JNa) was calculated from
1Na = (C1* — C0*)
where [SI is the sodium concentration in the perfusate in mEq/
liter, V0 is the collection rate (measured by the time required to
fill a constant-volume pipette), L is the tubule length measured
by eyepiece micrometer, and C1 and C0* are the tracer
concentrations in cpmlnl in the perfusate and collected fluid,
respectively. Bicarbonate fluxes (measured as total CO2 fluxes)
were calculated from
HCO3 = Y2 (C1 — C0)
where C- and C0 are the concentrations of total CO2 measured
in the perfusate and collected fluid, respectively.
The apparent permeability coefficient to sodium was calcu-
lated as the tracer efflux rate coefficient (KNa, nm/see) accord-
ing to the methods of Stokes [121:
K JNaNa C
C is the mean concentration of tracer in the lumen. For these
calculations, Na was converted to the flux per unit area, using
the mean inner diameters for the particular group as described
below.
There were no significant differences in the lengths of the
perfused segments between CCT from normal kidneys and
those from remnant kidneys in either the non-pair-fed group
(1.54 0.17 vs. 1.78 0.10 mm) or the pair-fed group (1.28
0.15 vs. 1.68 0.18 mm). The in vitro perfusion rates were also
similar, 4.0 0.6 vs. 3.9 0.7 nl/min and 3.2 0.3 vs. 3.1
0.5 nI/mm, respectively. The pH and total CO2 of all final bulk
solutions were measured with a pH/blood gas analyzer. Total
CO2 concentrations (predominantly HC03 at physiologic pH)
in the perfusate and collected samples were determined by a
picapnotherm (WPI, New Haven, Connecticut, USA). Me-
thoxy-3H-inulin and 22Na were measured in a liquid scintillation
counter using appropriate windows and crossover calculations.
Blood and urine chemistries were determined by standard
methods.
Photographs of the tubules during perfusion were taken with
a camera attached to the inverted microscope. Multiple stan-
dardized measurements of inner and outer diameters were
recorded from the photographs with a final magnification of
400x. The mean of 4 to 15 such measurements (2.5 cm apart on
the photographs) of each tubule was used for analysis.
The results are expressed as mean standard error. Stan-
dard t-test (paired or unpaired, as appropriate) and analysis of
variance were used for statistical analyses.
Results
Non-pair-fed animals
These animals had unrestricted access to food and water.
Except for one group which was studied at one week, the
rabbits with remnant kidneys were sacrificed for the microper-
fusion studies approximately three weeks (18 to 26 days) after
the reduction of renal mass. The average daily weight gain of 26
remnant kidney rabbits was significantly less than that mea-
sured in 5 control rabbits of similar size (12.3 4.8 vs. 45.6
2.2 g/day, P < 0.001). Blood and urine were obtained from both
remnant kidney and normal animals at the time of sacrifice. As
shown in Table 1, the remnant kidney rabbits were mildly
azotemic without significant disturbances in the systemic acid-
base or electrolyte balance. As expected, fractional excretion of
sodium was increased after loss of functioning nephrons. Frac-
tional excretion of bicarbonate was also higher in the remnant
kidney group, consistent with the maintenance of a normal
plasma bicarbonate level despite the net alkali load that rabbits
obtain from their diet [13].
The transepithelial voltages and sodium transport rates in
isolated perfused segments of CCT from control and remnant
kidneys are depicted in Figure 1. The orientation of the trans-
epithelial voltage was lumen negative in all experiments. The
peak stable voltages recorded during the perfusion studies in
tubules from the remnant kidneys were, on the average, twice
the values from the control tubules. Unidirectional lumen-
to-bath sodium flux was examined by perfusing the tubules with
22Na-containing perfusate. As shown in Figure 1, sodium ab-
sorption was significantly higher in the CCT from the remnant
kidneys as compared to that from the control kidneys (111 19
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Table 1. Blood and urine chemistries at the time of sacrifice
Non-pair-fed rabbits Pair-fed rabbits
Control Remnant Control Remnant
N 10 15 6 6
BUN mg/dI 12 1 21 3 10 I 26 ôa
Crmg/d! 0.7±0.1 l.5±0.IC 0.9±0.1 1702b
Na mEqiliter 142 0.6 143 0.6 141 2 141 I
K mEqiliter 5.2 0.2 5.7 0.2 5.3 0.2 5.5 0.2
tCO2 mEqiliter 25.9 16d 29.2 1.0 21.6 0.6 27.0 l.8
FE(Na) % 0.2 01" 0.8 02b.a 0.3 0.1 2.5 l.7
FE(HCO3) % 5.9 l.8 13.6 2.Sae 1.3 1.0 15.2 51g
Abbreviations are: N, number of rabbits; tCO2, total plasma CO2
concentration; FE(Na), fractional excretion of sodium; FE(HCO3),
fractional excretion of bicarbonate.
a P < 0.05 vs. controls
' P < 0.01 vs. controls
P < 0.001 vs. controlsd Data available on 9 rabbits
Data available on 14 rabbits
Data available on 7 rabbits
g Dataavailable on 5 pairs of rabbits
vs. 54 7 pmol/min mm, P < 0.02). When ouabain was added
to the bath after first obtaining several collections without
ouabain, most of the 22Na flux was abolished in both groups.
The ouabain-sensitive flux was also significantly higher in the
CCT from remnant kidneys (81 16 vs. 39 8 pmol/min mm,
P < 0.05). In these particular groups, the ouabain insensitive
flux was higher (though not statistically) in the tubules from
remnant kidneys. However, because of the larger inner diame-
terofthese tubules, the apparent permeability was not different
in the two groups (KNa = 26.1 7.1 nm/sec in control vs. 31.2
4.5 nm/sec in remnant kidney CCT, NS).
Net bicarbonate transport was studied in separate experi-
ments in CCT from control rabbits, and from rabbits with a
remnant kidney one week or three weeks after surgery. Sym-
metrical 25 m bicarbonate concentration in the perfusate and
the bath was used for these experiments. As illustrated in
Figure 2, most of the tubules exhibited net bicarbonate secre-
tion. In contrast to sodium flux, there were no significant
differences in the mean bicarbonate fluxes between the tubules
in the three groups (—3.9 1.3 vs. —6.6 3.5 vs. —4.9 3.6
pmol/min mm, respectively).
Pair-fed animals
To investigate whether any of the above results (difference in
sodium transport or lack of difference in net bicarbonate
transport) could be explained by differences in food intake
between controls and rabbits with a remnant kidney, additional
studies were carried out in pair-fed rabbits. Each of six pairs of
weight-matched rabbits was studied three weeks after either a
reduction in renal mass or a sham operation. With identical food
intakes, the weight gain of the remnant kidney rabbits over the
three-week period was not different from the control rabbits
(443 83 vs. 436 66 g). As shown in Table 1, plasma sodium
and potassium levels were similar in the two groups; plasma
bicarbonate levels were slightly higher in the rabbits with a
remnant kidney. The difference in the bicarbonate levels is
attributable to the low levels in the control group; this may have
resulted from the fact that the control rabbits, although being
fed in an identical manner, often finished their daily food ration
earlier and could therefore have been without food longer
before sacrifice. Urine was available for study from only five
pairs of animals; despite a large difference in the means, the
differences in fractional excretion of sodium and bicarbonate
did not reach statistical significance.
Ten CCT from remnant kidneys and ten CCT from control
kidneys from the six pairs of rabbits were perfused in vitro.
Sodium and bicarbonate transport rates were determined simul-
taneously using a perfusate containing 25 m bicarbonate and
22Na. As illustrated in Figure 3, the transepithelial voltages
were significantly higher (more lumen-negative) in the tubules
from remnant kidneys. Both total and ouabain-sensitive 22Na
fluxes were also greater in CCT from remnant kidneys (105 20
vs. 62 6 pmol/min mm, P <0.05, and 86 18 vs. 41 8 pmoll
mm mm, P < 0.05, respectively). Neither ouabain-insensitive
22Na flux or KNa were different between the two groups. The
transport rates were similar to those obtained in CCT from
non-pair-fed rabbits (Fig. 1). Net bicarbonate secretion in the
same tubules was slightly but not statistically significantly
higher in the CCT from remnant kidneys (—20 7 vs. —13 3
pmol/min mm, P > 0.2).
Hypertrophy of the cortical collecting tubule
Light microscopy of H&E sections of the remnant kidneys
showed only mild degrees of interstitial fibrosis in some kidneys
at three weeks. When isolated and perfused in vitro, increased
tubule size was evident in most of the CCT segments from
remnant kidneys (Fig. 4). As illustrated in Figure 5, in the
non-pair-fed animals both the outer and inner diameters of CCT
from remnant kidneys were significantly greater than those
from control kidneys. In the smaller pair-fed group (not shown),
only the difference in the outer diameters reached statistical
significance (outer diameters 45 3 vs. 31 4 tm, P < 0.02;
inner diameters 25 2 vs. 19 3 m, NS). If the CCT is
considered a smooth cylinder (disregarding any membrane
foldings), these measurements would indicate a 20 to 25%
increase in surface area per mm tubule length and approxi-
mately a 64% increase in cell volume in the tubules from
remnant kidneys.
Medullary collecting tubule studies
To examine whether the tubule hypertrophy was selectively
associated with the active sodium and potassium transport of
the CCT, we also studied MCT segments (from the inner stripe
of the outer medulla) from a separate group of control rabbits
and rabbits with a remnant kidney. This segment does not have
active sodium or potassium transport under normal circum-
stances [141. Sodium flux in the MCT from remnant kidneys
was 21 6 pmol/min mm and the mean transepithelial voltage
+21.7 6.2 mV (N = 9); both were unaffected by peritubular
ouabain. These results are almost identical to those previously
reported for normal MCT and consistent with a passive diffu-
sional nature of the sodium flux in this segment [121. Despite the
lack of active sodium transport, the MCT from remnant kidneys
exhibited significant hypertrophy when compared to normal
MCT (Fig. 5). The increases in outer and inner diameters were
of similar magnitude as those in the CCT from remnant kidneys.
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Our results show that CCT from remnant kidneys exhibit
intrinsic adaptation in sodium transport. The rate of sodium
absorption in isolated perfused tubules from remnant kidneys
was approximately twice that of tubules from normal kidneys
and was accompanied by a parallel increase in the lumen-
negative transepithelial voltage. The CCT from remnant kid-
neys also exhibited structural hypertrophy as evidenced by
their increased diameters. Despite the adaptation in sodium
transport and the presence of hypertrophy, however, net bicar-
bonate transport was not significantly altered. Enhanced so-
dium reabsorption in the distal nephron of remnant kidneys has
not previously been demonstrated in vitro. It is, however,
compatible with the findings of Fine et al [6], who documented
an increased rate of potassium secretion in CCT from remnant
kidneys. In contrast to our study, Fine et a! found no increase
in the transepithelial voltage. The reason for this difference
between the two studies is not clear; our remnant kidney
animals were, however, much less azotemic than those of Fine
et al (mean BUN approximately 25 vs. 60 mg/dl), presumably
due to less extensive infarction of the remaining kidney.
Considering the maintenance of total body sodium balance,
the increased rate of sodium absorption in CCT from remnant
kidneys is not unexpected. With a reduced number of nephrons,
there is a large (as much as 100%) increase in SNGFR and
filtered load of sodium per nephron [1, 15]. Because the
fractional reabsorption of sodium in the proximal tubule is
unchanged or slightly decreased [1], the absolute rate of sodium
delivery to the distal tubule is increased proportionately much
more than is sodium excretion in the final urine. Thus, despite
the fact that fractional reabsorption of sodium in the distal
tubule may be decreased, the absolute rate of sodium reabsorp-
tion can be expected to be increased, as has been previously
suggested for the superficial distal tubule [16, 17].
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Fig. 1. Sodium fluxes and transepithelial
voltages in isolated perfused CCT from
remnant and control kidneys (non-pair-fed
groups). Hatched bars = remnant kidney CCT;
open bars = control CCT. Numbers within bars
indicate numbers of tubules studied.
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Fig. 2. Net bicarbonate fluxes in isolated perfused CCT from remnant
and control kidneys (non-pair-fed rabbits). Each dot represents the
mean flux from a single tubule. The rabbits with a remnant kidney were
sacrificed either one or three weeks after the reduction of renal mass.
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The present data show that the enhanced sodium reabsorp-
tion represents an intrinsic change in the epithelium such that
the increased reabsorptive rate is retained when the tubule is
removed from the in vivo environment (hormonal milieu, lumi-
nat delivery, peritubular environment, etc.). Since the adapta-
tion was due to an increase in the ouabain-sensitive portion of
sodium flux, it does not merely reflect increased passive per-
meability of the epithelium to sodium. The simplest explanation
for the increased sodium absorption is that it is a nonspecific
consequence of general hypertrophy, that is, increased surface
area and increased number of transporters. The lack of adap-
tation in bicarbonate transport, however, does not support the
existence of a nonspecific stimulus for structural and functional
hypertrophy of all components of the CCT. Moreover, the
available morphometric evidence suggests that the compensa-
tory hypertrophy of the distal nephron is selective: in the rat
initial collecting tubule, only the principal cells exhibited cell
hypertrophy and disproportionate increase (amplification) of
the basolateral membrane area [181. Since the principal cells
probably are responsible for most of the active sodium trans-
port in the collecting tubule, we attempted to look for an
association between hypertrophy and active sodium transport
by comparing CCT and MCT from remnant kidneys; the normal
MCT does not possess active sodium or potassium transport
[14]. Because dietary potassium manipulation has been re-
ported to induce increased Na-K-ATPase content in MCT [19],
we measured sodium flux to exclude the presence of active
sodium transport in MCT from remnant kidneys. Despite the
lack of active sodium transport, tubule hypertrophy was clearly
present. These data suggest that the development of hypertro-
phy in the collecting tubule does not require increased active
sodium transport.
Intrinsic adaptation of two functions, sodium (present data)
and potassium [6] transport, of the CCT have now been
described in remnant kidneys. The relationship of these in-
creased transport rates to the number or activity of the baso-
lateral Na-K-ATPase sites is unclear. Increased activity of the
enzyme per mm of tubular length after loss of renal mass has
been reported in both rabbit [6, 201 and rat [21] CCT. However,
Fig. 4. Photograph of a perfused CCT from a control kidney (top) and
from a remnant kidney (bottom), taken at the same magnification
(400x). Hypertrophy of the remnant kidney CCT is evident.
when expressed per sg of protein, the activity of Na-K-ATPase
was unchanged, leading to the conclusion that it parallelled the
cell hypertrophy and therefore was not responsible for the
P< 0.05
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functional adaptation [61. One potential mechanism for the
observed adaptation is increased stimulation by mineralocorti-
coids in vivo. Administration of mineralocorticoids to animals
with intact kidneys leads to increased intrinsic transport rates of
sodium and potassium [14, 22, 23] as well as to hypertrophy and
basolateral membrane amplification of the principal cell of the
CCT [24—26]. Against a significant role of mineralocorticoids in
compensatory adaptation is the finding of unchanged plasma
aldosterone levels in rabbits with reduced renal mass [6, 20]. A
direct or indirect (such as, via aldosterone stimulation) role of
decreased dietary sodium intake in the present study was
excluded; identical differences in CCT sodium transport be-
tween control rabbits and rabbits with a remnant kidney per-
sisted in the pair-fed group. As another potential mechanism,
indirect evidence from physiologic studies suggests that luminal
delivery of sodium and sodium flux into the cells across the
luminal membrane are important long-term modulators of so-
dium reabsorption in CCI [27—29]. Whether specific properties
(such as sodium and potassium conductance) of the luminal
membrane of remnant kidney CCT are altered has not been
examined. However, as discussed above, the distal delivery of
sodium is predicted to increase after loss of renal mass, favoring
increased sodium entry into the cells in the presence of mm-
eralocorticoid activity. Increased apical sodium entry would be
expected to stimulate basolateral Na-K-ATPase (and possibly
cell hypertrophy), resulting in increased transepithelial sodium
transport.
The lack of adaptation of bicarbonate transport in CCT from
remnant kidneys was unexpected. Since the remnant kidney
animals with moderately reduced renal function were able to
maintain normal or near-normal acid-base balance and the CCT
is a nephron segment in which bicarbonate transport is modified
by in vivo acid or base loads [8—10], we expected to find
intrinsic adaptation in CCT that would contribute to acid-base
homeostasis with reduced number of nephrons. Also, the
finding of luminal membrane amplification in the intercalated
cells of the initial collecting tubule from remnant rat kidneys
[18] would have suggested adaptation in bicarbonate transport
which is a major function of this cell [10]. The lack of adaptation
of bicarbonate transport in our studies may indicate dissocia-
tion of functional characteristics from structural hypertrophy.
Since net bicarbonate transport is the sum of bicarbonate
absorption and secretion in CCT [10, 30, 31], the current study
measuring net bicarbonate transport might have overlooked
adaptation of either of the separate unidirectional processes.
This possibility has recently been examined by us; neither
unidirectional bicarbonate secretion nor reabsorption in CCT
from remnant kidneys showed transport adaptation [32]. Also in
these studies, MCT from remnant kidneys exhibited no increase
in bicarbonate reabsorption [32]. Despite the fact that no
intrinsic adaptation of bicarbonate transport is demonstrable in
the collecting tubule in vitro, an increased bicarbonate trans-
port rate in the in vivo setting cannot be ruled out. Also, a
modest increase in transport could result from the increased
length of the hypertrophied nephron.
In summary, we have demonstrated adaptation (increase) in
active sodium reabsorption in CCT from remnant kidneys,
accompanied by structural hypertrophy but no change in bicar-
bonate transport, suggesting that the signal(s) leading to adap-
tation are selective or specific to certain transport processes.
Further studies are required to elucidate the mechanisms re-
sponsible for the adaptation in sodium transport.
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